Nodulation is tightly regulated in legumes to ensure appropriate levels of nitrogen fixation without excessive depletion of carbon reserves. This balance is maintained by intimately linking nodulation and its regulation with plant hormones. It has previously been shown that ethylene and jasmonic acid (JA) are able to regulate nodulation and Nod factor signal transduction. Here, we characterize the nature of abscisic acid (ABA) regulation of nodulation. We show that application of ABA inhibits nodulation, bacterial infection, and nodulin gene expression in Medicago truncatula. ABA acts in a similar manner as JA and ethylene, regulating Nod factor signaling and affecting the nature of Nod factor-induced calcium spiking. However, this action is independent of the ethylene signal transduction pathway. We show that genetic inhibition of ABA signaling through the use of a dominant-negative allele of ABSCISIC ACID INSENSITIVE1 leads to a hypernodulation phenotype. In addition, we characterize a novel locus of M. truncatula, SENSITIVITY TO ABA, that dictates the sensitivity of the plant to ABA and, as such, impacts the regulation of nodulation. We show that ABA can suppress Nod factor signal transduction in the epidermis and can regulate cytokinin induction of the nodule primordium in the root cortex. Therefore, ABA is capable of coordinately regulating the diverse developmental pathways associated with nodule formation and can intimately dictate the nature of the plants' response to the symbiotic bacteria.
INTRODUCTION
The availability of nitrogen is crucial for plant growth, and legumes have evolved the capability to interact with nitrogenfixing rhizobial bacteria to provide a ready source of this nutrient. Legumes develop a specialized organ, the nodule, where the rhizobia are fed dicarboxylic acids in exchange for ammonia generated through the reduction of molecular dinitrogen. The fixation of nitrogen is energetically expensive, and as a result this process is carefully regulated by the plant either through regulating the number of nodules that form or by regulating the level of fixation within nodules. Therefore, a balance is maintained between the nitrogen levels required and the availability of a carbon source to ensure the optimization of plant growth.
The formation of nitrogen-fixing nodules involves two major developmental programs: root epidermal responses that prepare the cell for bacterial infection and the reactivation of cell division within the cortex leading to the nodule primordia. Epidermal responses are associated with the perception of Nod factor, a signaling molecule generated by rhizobial bacteria, and include root hair deformation, the activation of calcium spiking, early nodulin (ENOD) gene induction, and infection thread initiation (Oldroyd and Downie, 2008) . Components in the signaling pathway responsible for Nod factor perception have been defined in the last several years. Lysine motif receptor-like kinases have been identified as strong candidates for the Nod factor receptor (Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2006) . Following perception of Nod factor at the plasma membrane, the signal is transduced via an additional receptor-like kinase to the activation of calcium spiking in the nuclear region (Ehrhardt et al., 1996; Endre et al., 2002; Stracke et al., 2002) . This requires components of the nuclear pore and cation channels located on the nuclear membrane (Ane et al., 2004; Imaizumi-Anraku et al., 2005; Kanamori et al., 2006; Riely et al., 2007; Saito et al., 2007) . Calcium spiking is perceived by a Ca 2+ /calmodulin-dependent protein kinase (CCaMK) (Levy et al., 2004; Mitra et al., 2004; Tirichine et al., 2006) and the information transduced via two GRAS domain transcriptional regulators, NSP1 and NSP2, and an ERF transcription factor, ERN1 (Kalo et al., 2005; Smit et al., 2005; Middleton et al., 2007) .
Epidermal responses to Nod factor are coordinated with the activation of the nodule primordia in the cortex. Indeed, the application of high concentrations of Nod factor or gain-offunction mutations in CCaMK are sufficient to induce cortical cell division and nodule formation (Yang et al., 1994; Gleason et al., 2006; Tirichine et al., 2006) . Recent studies examining gain-offunction and loss-of-function mutations in a cytokinin receptor highlight the essential role of cytokinins in the activation of the nodule primordia (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Tirichine et al., 2007) . In Arabidopsis thaliana, cytokinins are known to mediate cell cycle arrest in pericycle cells (Li et al., 2006) , thus inhibiting lateral root initiation (Laplaze et al., 2007 ). An analogous function has been found in Medicago truncatula (Gonzalez-Rizzo et al., 2006) , and this indicates that changes in cytokinins will alter the balance of nodules and lateral roots, a proposal suggested many years ago (Nutman, 1948) . It is likely that Nod factor perception at the epidermis leads to localized increases in cytokinin levels that then induce nodule organogenesis in the cortex (Hirsch and Fang, 1994; Fang and Hirsch, 1998; Oldroyd, 2007) . In addition to cytokinins, several other hormones, such as auxin, gibberellins, and brassinosteroids, also have positive functions in nodule formation (Mathesius et al., 1998; Ferguson et al., 2005; Prayitno et al., 2006) , and this suggests that changes in these hormone levels will be a prerequisite for nodule initiation.
In contrast with these plant hormones with positive functions in nodule inception, a number of plant hormones have been found to negatively regulate nodulation. Ethylene is the best characterized of these negative regulators, although jasmonic acid (JA), salicylic acid, and abscisic acid (ABA) have all been shown to negatively regulate the levels of nodulation (Cho and Harper, 1993; Penmetsa and Cook, 1997; Suzuki et al., 2004; Nakagawa and Kawaguchi, 2006; Sun et al., 2006) . Ethylene has been shown to regulate nodulation at multiple levels: it negatively regulates the sensitivity of the plant to Nod factor and in so doing inhibits root hair deformation, calcium spiking, bacterial infection, the expression of nodulin genes, and the number of nodules formed (Oldroyd et al., 2001 ). In addition, ethylene has also been proposed to regulate the growth of infection threads and dictate the positioning of nodules on the root (Heidstra et al., 1997; Penmetsa and Cook, 1997) . These studies on the role of ethylene in nodulation have been facilitated by the identification of skl, an ethylene-insensitive mutant of M. truncatula that shows hypernodulation (Penmetsa and Cook, 1997) . Like ethylene, JA is also able to regulate the plants' sensitivity to Nod factor and as such regulates many aspects of the nodulation process. JA has also been shown to regulate the nature of Nod factor-induced calcium spiking with the ability to define the period between calcium spikes . ABA has diverse effects on plant development in Arabidopsis, acting as an endogenous signal in seed germination, a regulator of leaf development and root growth, as well as a root-to-shoot signal that controls the closure of stomata (Fedoroff, 2002; De Smet et al., 2006) . Besides the effects on primary root growth, ABA also inhibits lateral root initiation through interplay with auxin (Brady et al., 2003; De Smet et al., 2003 . In contrast with Arabidopsis, ABA in M. truncatula promotes lateral root formation , indicating that the specifics of ABA action can differ between plant species. It has recently been shown that ABA can regulate nodulation in Lotus japonicus, and the ABA signaling gene, LATD, regulates nodule development in M. truncatula, although the mechanisms by which it achieves this have not been characterized (Suzuki et al., 2004; Liang et al., 2007) . In this study, we use genetics and physiology to define the nature of ABA action on the nodulation process. We show that ABA acts at multiple levels in this process, regulating both Nod factor signaling in the epidermis and cytokinin-induced cell division in the cortex. We show that this is the result of multiple independent sites of action of ABA in the regulation of nodulation. Therefore, ABA has the capability of fine-tuning the process of nodulation, dictating at multiple levels the nature of this response. We propose that ABA achieves this through its regulation of the Nod factor signaling pathway, and its interplay with cytokinin and as such can dictate the responses to the two master regulators of both the epidermal and cortical nodulation processes.
RESULTS

ABA Regulates Lateral Root Emergence, Nodule Number, and Infection Frequency
It has previously been shown that ABA inhibits nodulation in legumes (Cho and Harper, 1993; Suzuki et al., 2004; Liang and Harris, 2005) . To better understand the nature of this regulation, we initiated studies to assess the concentrations of ABA under our growth conditions that led to reduced nodulation efficiency in M. truncatula. We grew M. truncatula cv Jemalong line A17 plants on 0, 0.01, 0.1, 1, and 10 mM ABA and quantified nodulation 21 d after inoculation with Sinorhizobium meliloti strain 1021 (pXLGD4). Consistent with previous studies in L. japonicus, Trifolium repens, and M. truncatula (Suzuki et al., 2004; Liang et al., 2007) , nodulation was abolished at 1 and 10 mM ABA ( Figure 1B ). These studies also confirmed that ABA plays a positive role on lateral root growth in M. truncatula ( Figure 1A ), which has been previously reported (Liang et al., 2007) .
The generation of a nodule involves a number of processes that could be regulated by ABA, including the reinitiation of cortical cell division to form a nodule primordia and the facilitation of bacterial infection through epidermal and cortical cells. We assessed whether ABA could regulate bacterial infection of the epidermis by quantifying the number of infection events in plants grown at different concentrations of ABA. Six days after inoculation with S. meliloti, we quantified the number of visible infection threads and microcolonies of bacteria in the center of a root hair curl. Figure 1C shows that infection frequency decreased with increasing concentrations of ABA, indicating that ABA regulates both nodule formation and bacterial infection.
ABA Inhibits Rhizobial and Nod Factor-Induced Gene Expression
RIP1 and ENOD11 induction represent some of the earliest markers for the response to Nod factor and rhizobia (Cook et al., 1995; Gamas et al., 1996; Journet et al., 2001) . Induction of these genes requires the Nod factor signal transduction pathway and as such provides markers for the regulation of this signaling pathway. To assess the effects of ABA on Nod factor-induced gene expression, we used M. truncatula plants stably transformed with b-glucuronidase (GUS) regulated by the ENOD11 promoter (Journet et al., 2001 ). Five-day-old plants were transferred to liquid medium containing 0, 1, and 10 mM ABA. Following 24 h of ABA treatment, 1 nM Nod factor was added to the medium, and after 12 h of Nod factor treatment, the roots were tested for GUS activity. Plants without Nod factor treatment show GUS activity only in root caps and the root vasculature, while Nod factor activates ENOD11 in epidermal cells within a specific region of the root (Figure 2A ) (Journet et al., 2001) . Pretreatment with 10 mM ABA inhibited Nod factor induction of ENOD11, while 1 mM ABA pretreatment led to reduced ENOD11 induction (Figure 2A) . To assess the effects of ABA on RIP1 induction, we grew M. truncatula on 0 and 10 mM ABA and used quantitative real-time RT-PCR (qRT-PCR) to measure RIP1 expression at 0, 6, 12, and 24 h after inoculation with S. meliloti. We found that ABA abolishes S. meliloti induction of RIP1 expression in wild-type plants ( Figure 2B ). Taken together, these results indicate that ABA negatively regulates early gene expression induced by Nod factor and rhizobia and implies that ABA inhibition of nodulation may be through the regulation of the Nod factor signal transduction pathway.
The Balance of ABA and Nod Factor Concentrations Dictates the Nature of Nod Factor Signal Transduction
Oscillations of calcium (calcium spiking) act as a secondary messenger in the Nod factor signal transduction pathway (Ehrhardt et al., 1996; Oldroyd and Downie, 2004) . To better understand ABA's affect on Nod factor signal transduction, we determined the role of ABA on the regulation of calcium spiking, using an M. truncatula line stably transformed with the calcium reporter cameleon YC2.1 (Miwa et al., 2006) . We treated plants with 0.1, 1, 10, 100, 200, and 1000 mM ABA following 1 nM Nod factor induction of calcium spiking. Twenty cells were analyzed for each concentration. Treatment with 1 mM ABA completely inhibited Nod factor-induced calcium spiking, with calcium spiking returning upon the removal of ABA ( Figure 3A) . Analogous to what we have previously reported for JA , lower concentrations of ABA in the micromolar range caused a lengthening of the period between individual calcium spikes leading to a reduction in the frequency of the spiking response ( Figure 3C ). Similar to our studies with JA, higher concentrations of ABA were required for inhibition of calcium spiking than were required for the inhibition of nodulation and nodulin gene expression. However, in the nodulation and gene expression assays, the plants were pretreated with ABA, while the calcium spiking assay required an immediate response to ABA. To further validate these observations, we pretreated plants overnight with 0.1 and 1 mM ABA (concentrations sufficient to inhibit nodulation) and found that this pretreatment abolished the ability of Nod factor to induce calcium spiking (10 cells analyzed for 0.1 mM ABA and eight cells analyzed for 1 mM ABA). Our findings indicate that ABA, along with JA and ethylene, can regulate both the occurrence and nature of Nod factor-induced calcium spiking.
Both ethylene and JA affect the threshold concentrations of Nod factor that are necessary to activate calcium spiking (Oldroyd et al., 2001; Sun et al., 2006) . This suggests that Nod factor is in competition with these negative regulators for the activation of its signal transduction pathway. To assess whether ABA plays a similar role, we tested whether increasing Nod factor concentrations could overcome the inhibition by ABA. We initiated calcium spiking in cells using 1 nM Nod factor and then blocked calcium spiking with 1 mM ABA. Secondarily raising the Nod Plants were grown on differing concentrations of ABA and assayed for lateral root initiation (A), nodule formation (B), and S. meliloti infection events (C). Increasing ABA concentrations promote lateral root formation up to 1 mM ABA but suppress nodulation and S. meliloti infection. Infections were measured following lacZ staining, and both infection foci and foci with infection threads were counted as infection events. Ten to twelve plants were analyzed for each ABA concentration, with different plants being used to assay lateral roots, nodulation, and rhizobial infection. Error bars represent SE.
ABA Regulation of Nodulation 3 of 15 factor concentration to 10 nM led to a recovery of calcium spiking in 18 out of 20 cells ( Figure 3B ). This result implies that the activation of Nod factor signaling is balanced between Nod factor and ABA concentrations.
ABA and Ethylene Function Independently in the Regulation of Lateral Root Initiation, Nodulation, and Nod Factor Signal Transduction
The regulation of nodulation by ABA is similar in nature to the effects seen by the negative regulators ethylene and JA (Penmetsa and Cook, 1997; Oldroyd et al., 2001; Sun et al., 2006) . Ethylene and JA act in combination to regulate nodulation and Nod factor signal transduction . To assess the combinatorial nature of ABA regulation, we used the ethylene insensitive mutant skl (Penmetsa and Cook, 1997) to assess the affect of ethylene on ABA regulation of nodulation. We grew both wild-type and skl plants on 0, 0.01, 0.1, 1, and 10 mM ABA, scoring lateral root emergence and on separate plants scoring nodulation 21 d after inoculation with S. meliloti. ABA can regulate both lateral root emergence and nodulation in skl in a similar manner to the regulation of these processes in wild-type plants ( Figures 4A and 4B ). However, skl shows hypernodulation and reduced lateral root emergence caused by ethylene insensitivity. The effects of ABA are superimposed upon these differences, such that higher concentrations of ABA are necessary in skl plants to completely abolish nodulation or activate lateral root emergence to levels comparable to the wild type (Figures 4A and 4B) . The formation of a nodule involves the coordination of a number of processes, and to simplify the analysis of the interrelationship between ABA and ethylene regulation, we focused on the effects on Nod factor signal transduction using calcium 
of 15
The Plant Cell spiking and gene expression as markers of this signaling pathway. One and 10 mM ABA treatment reduced ENOD11 expression in both skl and wild-type plants (Figures 2A and 4C) . Similar to the nodulation responses, ENOD11:GUS activation in skl is stronger than the wild type, and its inhibition by ABA was slightly less effective in skl than in wild-type plants ( Figure 4D ). We also tested the effects of ethylene on ABA regulation of Nod factorinduced RIP1 expression using qRT-PCR. As previously shown, RIP1 shows higher levels of induction in skl compared with the wild type in the absence of ABA ( Figure 2B ) (Oldroyd et al., 2001) . We found that RIP1 induction by S. meliloti was suppressed by ABA to equivalent levels in both skl and wild-type plants. We found comparable results for the regulation of calcium spiking, with 1 mM ABA inhibiting calcium spiking in all skl cells analyzed ( Figure 4E ). These data indicate that ABA can regulate the Nod factor signaling pathway in the absence of the ethylene response, suggesting that these two negative regulators function as parallel pathways with little crosstalk.
Suppressing ABA Signaling in M. truncatula Enhances Nodulation
Our work indicated that the external application of ABA inhibits nodulation responses. To support these physiological studies, we used the dominant negative allele abi1-1 from Arabidopsis to genetically regulate ABA signaling in M. truncatula. ABI1 encodes a protein phosphatase of the type IIC class (Leung et al., 1994) , and the abi1-1 allele dominantly suppresses ABA signaling (Hagenbeek et al., 2000; Gampala et al., 2001; Wu et al., 2003) . We overexpressed the Arabidopsis abi1-1 allele in M. truncatula using Agrobacterium rhizogenes transformation (BoissonDernier et al., 2001) . Transformed roots were initially selected using kanamycin, secondarily selected using the dsRED reporter and a subset of roots validated for transformation by PCR of abi1-1. To assess whether abi1-1 can regulate ABA signaling in M. truncatula, we used the ABA-responsive gene RD22 (Yamaguchishinozaki et al., 1992 ) (represented by TC95843 of M. truncatula). We grew the transformed plants on medium containing 0 and 10 mM ABA for 5 d and then analyzed the expression levels of RD22 by qRT-PCR. While plants transformed with the empty vector were responsive to ABA treatment with RD22 induction, plants transformed with abi1-1 were no (A) and (B) The ethylene-insensitive mutant skl shows ABA induction of lateral roots (A) and ABA suppression of nodulation (B) in a manner similar to that observed in the wild type. However, the lateral root and nodule number is affected by the ethylene-insensitive nature of skl, and the ABA effects are superimposed upon this preexisting state. ABA Regulation of Nodulation 5 of 15 longer able to induce RD22 following ABA treatment ( Figure 5D ). This indicates that abi1-1 is able to inhibit ABA signaling in M. truncatula.
To assess the effect of abi1-1 on nodulation, we counted nodules on roots transformed with abi1-1 versus roots transformed with the empty vector 21 d after inoculating with S. meliloti. abi1-1 transformed roots showed 29 6 2.9 nodules per plant compared with only 8.6 6 2.4 nodules per plant in the empty vector controls (Figures 5A and 5B) . It is commonly observed that excessive numbers of nodules form in plants with ineffective nodules (no nitrogen fixation). We used acetylene reduction and a bacterial strain that constitutively expresses b-galactosidase to ensure that the hypernodulation phenotype we had observed in the abi1-1 transformed roots was not the result of ineffective bacterial infection or nitrogen fixation. These tests show that the abi1-1 transformed roots form normal nodules infected by bacteria (Figure 5B, inset) and are able to reduce acetylene at levels comparable to the empty vector control (2.2 6 0.3 acetylene reduction activity (ARA) units in the abi1-1 transformed plants versus 1.5 6 0.2 ARA units in the empty vector controls).
We used abi1-1 transformation to further validate our earlier observations on ABA regulation of Nod factor signaling. We transformed the abi1-1 and empty vector constructs into the pENOD11:GUS transgenic line. We treated the transformed plants with 0 and 10 mM ABA for 24 h, followed by a 12 h treatment with 0 and 1 nM Nod factor. ABA was able to inhibit Nod factor-induced ENOD11 in the empty vector transformed roots, but the abi1-1-transformed roots were resistant to ABA treatment ( Figure 5C ), further validating that abi1-1 abolishes ABA signaling in M. truncatula. Furthermore, in the absence of ABA, ENOD11 induction by Nod factor was greater in the abi1-1-transformed roots compared with the empty vector controls as measured by GUS quantification (384.6 6 14.2 pM MU/min/mg protein in the abi1-1 transformed plants compared with 208.9 6 10.3 pM MU/min/mg in the empty vector controls). These results provide genetic proof that ABA negatively regulates nodulation and Nod factor signaling.
A Novel Genetic Component That Modulates ABA Sensitivity in M. truncatula A genetic screen that we undertook in M. truncatula for nodulation defective mutants revealed a mutant, generated by fast neutron mutagenesis, with reduced nodulation efficiency. This mutant shows many fewer nodules than wild-type plants: 11.7 6 0.1 nodules per plant in the mutant compared with 120 6 6.8 nodules per plant in the wild type in soil-grown plants 3 months after inoculation with S. meliloti. The mutant behaves as a single recessive locus (segregation ratio of 3.4:1), and allelism tests with known nodulation mutants indicate that this is a novel locus (Table 1 ; due to the poor success rate of crosses onto this mutant, allelism tests were performed always with this mutant as the male parent). In addition to the nodulation phenotype, the mutant shows a number of pleiotropic defects ( Figure 6A ), the most obvious being dwarf stature and a reduced root system that occurred in the absence of rhizobial infection. These phenotypes cosegregate with the nodulation defect in 79 mutant plants in a segregating population of 266 individuals, indicating that they are caused by the same mutation. The plus sign indicates that nodules were present on progeny of the cross; number of plants scored/number of crosses is shown in parenthesis.
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Further characterization of this mutant revealed a number of phenotypes indicative of a defect in ABA signaling. The mutant shows delayed seed germination ( Figure 6B ) and enhanced water loss ( Figure 6C ), both of which have been previously shown to be present in ABA defective mutants (Schroeder et al., 2001; Gubler et al., 2005; De Smet et al., 2006) . We analyzed the responsiveness of this mutant to a range of plant hormones (10 26 and 10 29 M GA 3 , 10 27 and 10 28 M benzyl-amino purine (BAP), 10 26 M ABA, 10 26 M 24-epibrassinolide, 10 26 M 1-aminocyclopropane-1-carboxylic acid, 10 27 M indole-3-acetic acid, 10 24 M salicylic acid, and 10 26 M JA) and found defects only in the response to ABA. For reasons described below, we chose to call this locus SENSITIVITY TO ABA (STA); therefore, the mutant will be referred to as sta-1. We assessed the sensitivity of sta-1 to ABA treatment for a number of plant developmental responses. sta-1 is hypersensitive to ABA for seed germination, showing complete inhibition of seed germination at low ABA concentrations ( Figure 7A ). By contrast, sta-1 was less sensitive to ABA for the induction of lateral roots ( Figure 7B ) and was insensitive to ABA for stomatal closure ( Figures 7D and 7E ). In the stomata assay, we found that wild-type stomata all closed in response to 25 mM ABA, while no stomata closed at this ABA concentration in sta-1 leaves. To further confirm the ABA sensitivity phenotype of sta-1, we assessed the induction of RD22 by ABA. qRT-PCR revealed that sta-1 shows reduced sensitivity to ABA for the activation of RD22 ( Figure 7C ). The phenotypic characterization of sta-1 indicates that this mutant is altered in its sensitivity to ABA with hypersensitivity to ABA for seed germination and reduced sensitivity to ABA for lateral root initiation, RD22 induction, and guard cell physiology.
The STA locus appears to regulate the plants' sensitivity to ABA with opposite effects depending on the developmental process studied. Considering that ABA is a negative regulator of nodulation, we propose that the reduced nodulation in sta-1 is the result of a hypersensitivity to ABA for the regulation of nodulation. To further characterize sta-1, we tested a number of nodulation responses in this mutant to ABA. Nodulation levels are lower in sta-1 compared with the wild type, and treatment with ABA abolished nodulation in sta-1 ( Figure 8A ). To test whether sta-1 affects Nod factor signaling, we assayed RIP1 and ENOD11 induction using qRT-PCR and the activation of calcium spiking. sta-1 showed reduced levels of induction of RIP1 and ENOD11 by Nod factor (Figures 8B and 8C ) and RIP1 by rhizobia ( Figure 8D ). Because of this low level of gene induction, it is difficult to judge the effect of ABA in sta-1. However, it appears that the suppression of RIP1 and ENOD11 induction by ABA was reduced in sta-1 compared with the wild type ( Figures 8B to 8D) . Furthermore, ABA was less effective at suppressing Nod factorinduced calcium spiking in sta-1 plants compared with the wild type ( Figure 4E ). This work suggests that sta-1 shows reduced sensitivity to ABA for the regulation of Nod factor signaling in epidermal cells. (A) sta-1 shows pleiotropic effects for root and shoot growth revealed by a reduced stature of the plant. (B) sta-1 shows delayed seed germination compared with the wild type. The number of germinated seeds was measured using radicle emergence as a marker relative to the time since removing the seeds from 48C. Two hundred seeds are analyzed per treatment.
(C) The fresh weight of detached leaves was used to measure relative water loss that provides an indication of stomatal aperture. sta-1 shows more rapid water loss, indicating an alteration in its stomatal behavior. Error bars represent SE.
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ABA Regulates Cytokinin Induction of Nodulation Processes
Since all our results indicate that ABA is a negative regulator of nodulation, it was very surprising to see that sta-1, with a reduced nodulation phenotype, was insensitive to ABA for the regulation of Nod factor responses in epidermal cells. We decided that it was important to validate that the nodulation response in sta-1 was a function of the altered ABA sensitivity in this mutant. To test this, we inhibited ABA signaling in sta-1 by transformation with abi1-1. The introduction of abi1-1 rescued the nodulation defect of sta-1, resulting in the formation of 6.4 6 1.7 nodules per plant compared with only 1.0 6 0.5 nodule per plant in sta-1 transformed with the empty vector. This result indicates that the nodulation defect of sta-1 is the result of hypersensitivity to ABA.
Considering that sta-1 shows reduced sensitivity to ABA for the regulation of Nod factor signaling, the nodulation process that shows ABA hypersensitivity in sta-1 must be after Nod factor-induced calcium spiking. To validate this, we transformed sta-1 with a CCaMK gain-of-function mutation that activates spontaneous nodulation using A. rhizogenes (Gleason et al., 2006) . We found that sta-1 could suppress CCaMK-induced spontaneous nodulation (0/27 plants showed spontaneous nodules on sta-1, compared with 22/41 plants showing spontaneous nodules in dmi3 plants). This reveals that the site of STA action that allows ABA regulation of nodulation must be downstream of CCaMK and calcium spiking.
Cytokinins are key activators of nodule initiation in the root cortex, and the regulation of cytokinin action by ABA may be one mechanism to explain sta-1. A gain-of-function mutation in the cytokinin receptor LHK1 of L. japonicus results in spontaneous nodule formation. We used the L. japonicus line snf2 that carries the LHK1 gain-of-function mutation to test whether ABA was able to abolish cytokinin-induced nodulation. When snf2 was grown in the absence of ABA, we saw that six out of 13 plants generated spontaneous nodules, consistent with previous reports, while treatment with 1 mM ABA completely abolished spontaneous nodulation in all 14 plants analyzed. This result indicates that ABA is able to regulate the cytokinin induction of nodule initiation in the root cortex.
Cytokinins have previously been shown to activate ENOD40, a gene that is expressed in the root cortex during the initiation of the nodule primordium (Fang and Hirsch, 1998; Mathesius et al., 2000; Murray et al., 2007) . We used ENOD40 induction by cytokinin to assess the ability of ABA to regulate cytokinin-induced 
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The Plant Cell nodulation responses in M. truncatula. We found that 10 mM ABA suppressed the cytokinin induction of ENOD40 by 3.04-fold relative to plants without ABA treatment ( Figure 9A ). In addition, ABA treatment also reduced cytokinin induction of NIN ( Figure  9B ), a gene critical for nodule organogenesis (Stracke et al., 2002) . Furthermore, wild-type M. truncatula plants transformed with abi1-1 showed a much greater induction of ENOD40 following cytokinin treatment compared with plants transformed with the empty vector ( Figure 9C ). These experiments show that ABA can regulate cytokinin-induced nodulation gene expression. Taken together with the ABA suppression of snf2-induced spontaneous nodulation, this reveals that ABA can suppress cytokinin-induced nodulation processes. We tested whether sta-1 was altered in its sensitivity to ABA for cytokinin induction of nodulation genes. ABA suppressed the cytokinin induction of ENOD40 ( Figure 9A ) and NIN ( Figure 9B ) to a greater extent in sta-1 than in wild-type plants, suggesting that sta-1 may be hypersensitive to ABA for the regulation of cytokinin-induced nodulation processes.
DISCUSSION
Nodulation in legumes is both dependent upon and regulated by plant hormones. Here, we show that ABA regulation is intricately woven into the nodulation process, with ABA having independent modes of action in the suppression of the nodulation process. As such, ABA, and most likely ethylene and JA, can rapidly and completely abolish the plants responses to the symbiotic bacteria.
We have previously shown that ethylene and JA are negative regulators of the Nod factor signaling pathway acting at or upstream of calcium spiking (Oldroyd et al., 2001; Sun et al., 2006) . It has previously been suggested that ABA may regulate nodulation responses in root hair cells (Suzuki et al., 2004) , and consistent with this, we found that external application of ABA is also able to abolish both Nod factor-induced calcium spiking and gene expression. Furthermore, the effects of ABA on calcium spiking are similar to what we have previously observed with JA : high concentrations of ABA abolish calcium spiking, while lower concentrations impact the period between calcium spikes. Interestingly, increasing the Nod factor concentration overwhelmed ABA inhibition allowing a recovery in calcium spiking, suggesting that the activation of Nod factor signaling is balanced between the ABA and Nod factor concentrations. In addition to these physiological studies, we found that blocking ABA signaling using the Arabidopsis abi1-1 allele led to enhanced Nod factor-induced gene expression. These results indicate that ABA, like ethylene and JA, can inhibit Nod factor signaling at or above calcium spiking. The similarities in the mode of inhibition imply that ethylene, JA, and ABA may have a similar mode of action in the regulation of Nod factor signaling. However, unlike ethylene and JA that act combinatorially, ABA appears to function independently of ethylene, since the ethylene-insensitive mutant skl shows normal regulation of nodulation by ABA.
Considering the absolute importance of Nod factor signaling for nodule initiation, the suppression of Nod factor signaling by ABA was sufficient to explain the inhibition of nodulation. This was supported by an absolute correlation between the inhibition of Nod factor signaling and the inhibition of both bacterial infection and nodule initiation in our physiological tests and the abi1-1 studies. However, during the course of this research, we found a novel mutant that causes both a reduction in nodule formation and an alteration in ABA sensitivity. Interestingly, the effects of sta-1 on ABA sensitivity were dictated by the developmental response studied, with hypersensitivity for ABA during seed germination, but insensitivity to ABA for lateral root initiation and stomatal closure. Considering that ABA is a negative regulator of nodulation, we can only conclude that the reduction in nodules in sta-1 must be the result of hypersensitivity to ABA for nodulation responses. We were therefore very surprised when sta-1 showed a reduced sensitivity to ABA for the suppression of the Nod factor signaling pathway. From this work we concluded that the important site for sta-1 action in nodulation must be at a stage after the initiation of Nod factor signaling. The formation of a nodule requires the activation and coordination of two separate developmental processes: the initiation of bacterial infection in the epidermis and the reactivation of cell division in the root cortex to form the nodule primordia (Oldroyd and Downie, 2008) . While these processes are intimately interlinked, they can be separated genetically. Gain-of-function mutations in CCaMK and the cytokinin receptor LHK1 cause spontaneous nodule formation without the activation of root hair deformation or infection thread formation (Gleason et al., 2006; Tirichine et al., 2006 Tirichine et al., , 2007 . Conversely, loss-of-function mutations in LHK1 cause a block in the activation of the nodule primordia without inhibiting bacterial infection (Murray et al., 2007) . This indicates that while the cortical and epidermal programs are normally coordinated, they can be discriminated experimentally. We have previously suggested that epidermal responses leading to the initiation of bacterial infection are mostly controlled by Nod factor signaling, while cortical responses leading to nodule primordia formation are mostly the function of cytokinin and auxin signaling (Oldroyd and Downie, 2008) . While the epidermal and cortical processes can be separated, it seems likely that Nod factor recognition in epidermal cells activates cytokinin signaling in the cortex, most likely by increasing cytokinin levels (Oldroyd, 2007) .
ABA is known to interfere with auxin and cytokinin in cell division during plant growth in Arabidopsis (Wang et al., 1998; De Smet et al., 2006; Li et al., 2006; Laplaze et al., 2007) . We therefore chose to test how ABA affects cytokinin-induced cortical cell division during nodulation. We found that ABA treatment abolished spontaneous nodulation activated by the LHK1 gain-of-function snf2 and could suppress ENOD40 and NIN induction by external cytokinin application. The fact that the reduced nodulation mutant sta-1 is insensitive to ABA for the regulation of Nod factor responses in epidermal cells, but hypersensitive to ABA for cytokinin induction of ENOD40 and NIN in cortical cells, highlights the importance of ABA regulation of cytokinin responses in the cortex during the regulation of For (A) and (B), 10 plants were used for each treatment and four biological repeats were performed. All error bars represent SE.
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The Plant Cell nodulation. This indicates that ABA can suppress both Nod factor signaling in the epidermis and cytokinin activation of cell division in the cortex. As such, ABA can coordinately suppress the two signals currently known to be sufficient for nodule initiation. Legumes show opposite responses to cytokinins and ABA for lateral root initiation to what has been reported in Arabidopsis (De Smet et al., 2003 Liang and Harris, 2005; Li et al., 2006; Laplaze et al., 2007) . In legumes, cytokinins inhibit lateral root formation, while promoting nodule initiation. An alternative way of looking at this is that cytokinins inhibit cell division in the pericycle, the predominant cell type involved in lateral root initiation, and promote it in the cortex, the predominant cell type involved in the formation of the nodule. By contrast, ABA promotes lateral root formation and inhibits nodule inception, thus having opposite effects to cytokinin on cell division in the pericycle and cortex. It has long been observed that nodule initiation is associated with a suppression of lateral root formation (Nutman, 1948) . This is most likely the result of changes in the ratio of cytokinins and ABA in legume roots during nodule initiation and their opposite effects on the inception of cell division associated with nodules and lateral roots. However, alternative explanations for the link between nodulation and lateral roots are also possible.
The LATD gene of M. truncatula is required for the establishment and maintenance of root meristems and is also required for normal development of symbiotic nodules (Bright et al., 2005) . LATD functions downstream of ABA, and latd mutants have been shown to have reduced sensitivity to ABA for seed germination and stomatal closure. Unlike the sta1 mutation, the latd mutation has no effect on nodule initiation. Exogenous ABA can rescue the root meristem defects of latd mutants; the nodule development defect, however, cannot be rescued by ABA because the inhibitory effect of ABA on nodule initiation masks any later positive effect of ABA on nodule morphogenesis (Liang et al., 2007) . These observations indicate that ABA plays a positive role in later stages of nodule development, in contrast with the negative role it plays in earlier stages of nodule development, as described in this work. Thus, ABA plays diverse roles at multiple stages of nodule formation, and the ABA sensitivity genes LATD and STA appear to specifically regulate ABA responses at different stages of the nodulation process.
Nodulation is regulated through multiple mechanisms. There is a shoot-derived signal that suppresses nodule number and requires the legume CLV1 homolog: SUNN in M. truncatula, HAR1 in L. japonicus, and NARK in soybean (Glycine max; Krusell et al., 2002; Nishimura et al., 2002; Penmetsa et al., 2003; Searle et al., 2003; Schnabel et al., 2005) . Strikingly, the ABA-tocytokinin ratio in the phloem is higher in wild-type soybean compared with nark mutants (Caba et al., 2000) , and the sunn mutant has been shown to have altered auxin responses (van Noorden et al., 2006) . These alterations in hormones are likely to be a factor that dictates the shoot regulation of nodule number and highlights the possibility that the shoot-derived signal produced by SUNN/HAR1/NARK is an alteration in hormone levels directed to the roots. The use of the stress hormones ABA, JA, and ethylene to regulate nodulation directly links the level of nodulation to the environmental status of the plant. We have shown that ABA can regulate multiple signaling pathways associated with nodule formation. This intimate interlinking of nodule development with ABA provides a mechanism to rapidly and decisively suppress nodulation according to the environmental and developmental status of the plant.
METHODS
Plant Growth Conditions and Bacterial Strains
Sterilized Medicago truncatula seeds were germinated overnight and plated on buffered nodulation medium (Ehrhardt et al., 1992 ) with 1.2% agar, with a filter paper over the surface of the media and allowed to grow for a minimum of 3 d before inoculation. Seeds of cv Jemalong line A17 were used as the wild type. Plants were grown in a growth chamber at 208C with 16 h of light per day. During transformation studies, plants were left on selective media with 25 mg/mL kanamycin for 14 d. After that, roots lacking dsRed fluorescence were removed and the plants transferred to growth pouches. Sinorhizobium meliloti strain 1021 was grown in liquid Luria broth overnight in the presence of 500 mg/mL streptomycin selection. Bacteria were pelleted at 23,340g for 10 min and resuspended in 10 mM MgSO 4 . This bacterial suspension was diluted 1:50 in 10 mM MgSO 4 and inoculated onto plants by flooding the roots with the inoculum. Where appropriate, the bacterial inoculum was diluted to a specific concentration after quantification at OD 600 . Nod factor preparations were isolated as described (Ehrhardt et al., 1996) . S. meliloti strain Rm1021 carrying the vector pXLGD4, which contains lacZ driven by the hemA promoter, was used to visualize bacterial infection events (Penmetsa and Cook, 1997) . ENOD11:GUS was generated as previously described (Journet et al., 2001) , and this was crossed into the skl mutant (Penmetsa and Cook, 1997) . sta-1 was identified from a screen of fast neutron mutagenized M. truncatula Jemalong, in which plants were cocultured for 6 weeks with S. meliloti and Glomus hoi. The sta-1 mutant was identified as having a nodulation defect, but no alteration in mycorrhization.
Assessment of Infection Frequency
To quantify the number of infection events, plants were grown on buffered nodulation medium (BNM) with differing concentrations of ABA (SigmaAldrich). At 6 d after inoculation, roots from eight plants per treatment were fixed for 1 h in 1.25% glutaraldehyde and 200 mM sodium cacodylate, washed twice in 200 mM sodium cacodylate, and stained overnight in 200 mM sodium cacodylate, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 0.08% 5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside. Roots were destained in a 1:5 dilution of household bleach for 5 min and imaged using a Canon Optiphot microscope. The total number of infection events was counted.
GUS Assay
Plants carrying the ENOD11 promoter driving the expression of GUS were grown on medium for 7 d. Six plants were transferred to liquid medium containing either 1 mM ABA, 10 mM ABA, or medium alone and left for 24 h in the dark. They were then treated with 1 nM Nod factor for 12 h in liquid medium. The plants were fixed in 0.3% formaldehyde and 0.1 M potassium phosphate, pH 7.0, for 1 h on ice. GUS staining was performed overnight at 378C with 1 mM 5-bromo-4-chloro-3-indolyl-b-glucuronic acid, 5 mM EDTA, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, and 0.1 M potassium phosphate, pH 7.0. The experiments were repeated three times with similar results.
GUS activity was measured by the fluorimetric assay as described (Jefferson et al., 1987) . The transgenic roots were ground in liquid nitrogen and homogenized in GUS extraction buffer for total protein extraction. Enzymatic reactions were performed using 1 mg of total protein extract with 4-methylumbelliferyl-b-D-glucuronide as substrate (Sigma-Aldrich). GUS activities were measured using a microtiter fluorimeter.
Acetylene Reduction Assay
Nitrogenase activity of inoculated roots was determined by assaying acetylene reduction, using roots harvested from BNM media plates 21 d after inoculation (Somasegaran and Hoben, 1994) . Nodules from control vector transgenic roots and the abi1-1 transgenic roots were assayed for nitrogenase activity. For each, samples consisting of more than three nodules were measured for acetylene reduction in 2-mL sealed vials in the presence of 10% acetylene. Three biological replicates were measured. After 2 h of incubation in acetylene, a sample (5 to 10 mL) was injected into a Photovac 10S Plus gas chromatograph that used a photo-ionizing detector. Samples were compared with a standard curve generated against a 5 ppm ethylene standard, and nitrogenase activity was expressed as ARA units [ethylene products/(time(h)*nodule numbers)].
Expression Analysis by qRT-PCR
Total RNA was extracted from roots using either TRIzol reagent (Invitrogen) or RNeasy plant mini kits (Qiagen) following the manufacturer's protocol. Ribonucleic acid was quantified using a spectrophotometer (Nanodrop-1000; NanoDrop Technologies) and checked for quality by gel electrophoresis. The RNA was treated with DNA-free (Ambion) according to the manufacturer's instructions. cDNA was prepared from 500 ng of total RNA using the SuperScript II first-strand synthesis system for RT-PCR (Life Technologies, Invitrogen) using oligo(dT) primers according to the manufacturer's instructions. qRT-PCR was performed using an ABI PRISM 7500 HT sequence detection system (Applied Biosystems) with SDS 2.2 collection software (Applied Biosystems) and using SYBR Green to monitor double-stranded DNA synthesis. Reactions were performed in a 96-well plate using the SYBR Green JumpStart Taq ReadyMix (SigmaAldrich) and 50 nM of each gene-specific primer. An initial denaturation step of 948C for 2 min was followed by 40 cycles of 948C for 15 s, 608C for 30 s, and 728C for 30 s. Primers used were as follows: RIP1, 59-TAGGGAAAAACGCATTGGAG-39, 59-ACAACAGGGCCTTTGCATAC-39; CLATHRIN (TC107843), 59-CGTGAAGGTTGCTGGGTTAT-39, 59-AGTACCT-GGCATTCGTTTGG-39; MtEF1a, 59-ATTCCAAAGGCGGCTGCATA-39, 59-CTTTGCTTGGTGCTGTTTAGATGG-39; RD22, 59-CAAATGTGGGTGTAGG-GAAAGGAG-39, 59-TCAGTGGCAGCATAGTTGTAAGC-39; NIN, 59-TGG-ACAAGGAATAGTAGGAACAG-39, 59-CTCAATGGAATGGCAACAGC-39; ENOD11, 59-TAGGGCTTGCTGATAAATCTC-39, 59-TAATTGGAGGCTT-GTAAGTAGG-39; and ENOD40, 59-CAATCACTCTATCTATGTAGCA-CTG-39, 59-CTCAAAGGAAGACAACACCATC-39. After the completion of PCR amplification, a dissociation curve was run to check for genomic DNA contamination. For this, PCR products were denatured at 958C, annealed at 608C, and gradually heated to 958C over the course of 20 min. No DNA contamination was detected in any reactions. Primer-dimer formation was estimated by running a control without template DNA. Results were expressed as a threshold cycle (CT) value. Two replicate reactions were run for each sample, and their CT values averaged. These averaged values were used in all subsequent calculations. Gene expression was normalized to that of the control by subtracting the CT value of the control from the CT value of the gene under investigation to give DCT. Fold induction was calculated by normalizing the data for each time series to that of the 0 h sample; the DCT value for that sample was then subtracted from the DCT of the other samples to give a DDCT value. The data were plotted as 22DDCT. The data from three independent experiments were averaged and plotted using standard error. Clathrin was used as a control for Figure 2B , while EF1a was used as a control in all other qRT-PCR experiments.
Calcium Spiking Experiments
Analysis of calcium spiking was performed as described by Ehrhardt et al. (1996) . All plants used were grown overnight on BNM. Micropipettes were pulled from filamented capillaries on a pipette puller (model 773; Campden Instruments). These were loaded with Oregon green dextran (10,000 MW; Invitrogen) and injections performed using iontophoresis with currents generated from a cell amplifier (model Intra 767; World Precision Instruments) and a stimulus generator made to our specifications (World Precision Instruments). Cells were analyzed on an inverted epiflorescence microscope (model TE2000; Nikon) using a monochromator (model Optoscan; Cairn Research) to generate specific wavelengths of light. Images were captured with a CCD camera (model ORCA-ER) and fluorescent data analyzed using Metaflor (Molecular Devices).
Lines expressing the calcium reporter cameleon (Miwa et al., 2006) were analyzed on the same inverted epiflorescent microscope (model TE2000). During image capture, the image was split using the Optosplit (Cairn Research), and each image was passed through a filter for either CFP or YFP emissions prior to exposure on the CCD chip. The ratio of CFP:YFP was assayed using Metaflor (Molecular Devices).
Agrobacterium rhizogenes Root Transformation and Inoculation
The full-length sequence of Arabidopsis thaliana abi1-1 was cloned into the vector PK7WG2R (derived from PK7FWG2R and pB7WG2,0) using Gateway technology (Invitrogen). The vector contains a 35S promoter region with kanamycin selection and the dsRed reporter gene. The primers used were AtABI1-FOR (59-TTACCGTTAATGGAGGAAGT-39) and AtABI1-REV (59-CTCTGCCTCAGTTCAAGG-39). Both empty vector and abi1-1 were used to transform the A. rhizogenes ARqua1 strain. Transformed M. truncatula roots were prepared as described (BoissonDernier et al., 2001) . Three weeks later, transgenic roots were inoculated with S. meliloti. Nodule numbers were measured 21 d after inoculation.
Stomatal Closure Assay and Water Loss Analysis
Stomatal responses to ABA treatment and water loss analysis were performed according to Leung et al. (1997) , Pei et al. (1997) , and Pandey and Assmann (2004) . Leaves of 5-week-old wild-type and sta-1 plants were incubated in KCl-MES buffer (50 mM KCl and 10 mM MES, pH 6.12) under continuous white light (250 mmol m 22 s 21 ) for 90 min to open the stomata. Epidermal strips with opened stomata from one-half of a pretreated leaf were transferred to the KCl-CaCl 2 MES buffer (50 mM KCl, 1 mM CaCl 2 , and 10 mM MES, pH 6.12) with 25 mM ABA (SigmaAldrich) to test ABA sensitivity and strips from the other leaf half transferred to the assay buffer without ABA. After incubation for 2 h under light (250 mmol m 22 s 21 ), the stomatal aperture width was observed for 50 randomly selected stomata. Each assay was repeated three times. The data represent means 6 SE (n = 150). For the water loss assay, 10 leaves were detached from wild-type and sta-1 plants grown in the identical conditions and weighed in plastic Petri dishes immediately and then placed into a laboratory bench and weighed at indicated time intervals. The water loss rate was measured as a percentage of initial fresh weight. Four repeats were taken.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: Arabidopsis abi1-1 (X77116), M. truncatula ENOD40 (X80264), M. truncatula RIP1 (U16727), M. truncatula ENOD11 (AJ297721), and M. truncatula RD22 (TIGR TC accession number TC95843).
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